Driving simulators are useful tools not only to test the components of future cars but also to evaluate the telematics service and human-machine interface (HMI). However, driving simulators available at present cannot be implemented to test and evaluate the telematics service system as the global positioning system (GPS), which contains basic functional support for the telematics module, does not work in the virtual reality environment. In this paper, a GPS simulator is developed which is able to emulate GPS satellite signals, consisting of the NMEA-0183 protocol and RS232C communication standards, and thereby presenting a method of implementing a telematics service for a driving simulator. It is expected that the driving simulator, together with the GPS simulator, can be used to study the HMI for evaluation of commercial telematics systems in order to realize the human-in-the-loop evaluation systems.
INTRODUCTION
The telematics-related industry emerged with its priority being to secure its place within the competitive arena of the future world's automotive industry. Many vehicle manufacturers and system suppliers now have advanced development designs of telematics units which are composed of the global positioning system (GPS), car navigation system (CNS), traffic information system, internet access, electronic game consoles, digital radio reception, mobile commerce services, etc. Most products provide inputoutput devices for the use of these functions, i.e. touch screens or joystick-keyboard combinations for the driver [1] [2] [3] . As input-output devices become more and more complex, then human-machine interfaces (HMIs) also become more complex and as such can lead to driver distraction as he/she concentrates on which function to use and this can cause traffic accidents. Today HMI studies can often be considered as human factor studies and there is a need for comprehensive test processes to assess the functional aspects of the telematics units, together with the influence of the driver's reactions and driving manner on the overall safety of the system [4] [5] [6] [7] .
In order to realize such test assessment environments, an effective driving simulator system could be utilized [8] . Driving simulators have been developed since the 1970s, and, by using the virtual reality (VR) technologies, they can save time and cost in the testing process. There is a wide range of complexity among simulators currently being used around the world. An important issue to consider when implementing any simulator is validity [9] . From a technical report of The Pennsylvania Transportation Institute [9] , examining differences in driver behaviour in simulated and real environments can be a useful method to validate driving simulators.
Although one of its advantages is that the vehicles of driving simulators are driven in the VR environment, yet they remain in the real world; therefore, the basic GPS module of the telematics unit cannot recognize the movement of the vehicle in the VR world. This puts severe restrictions on the HMI assessments and the human factor evaluations of the driving simulator. The CNS is the most fundamental function of the telematics service as it provides information related to the current location of the vehicle, so that other functions such as the optimal route to the destination and real-time traffic information can be used properly. There have been some interesting reports about HMI studies of the CNS; one such study proposed that the design factors of the CNS interface could be formulated and classified by using the task and activity analysis approaches on commercial navigation products [10] . Similarly, another paper refers to evaluating the trends of HMI systems. The task-based evaluation uses the navigation task model, e.g. setting the destination, defining user preferences, driving routes in unfamiliar areas, rerouting owing to congestion, stopping at way points, arriving at the required destination, returning to the vehicle, and driving home or to a new destination [11] .
DEVELOPMENT OF THE SUNGKYUNKWAN UNIVERSITY DRIVING SIMULATOR

Inverted-type motion platform
Most driving simulators have a motion platform, installed below the cabin, for realistic driving feel. The six-degrees-of-freedom (6-DOF) Stewart platform is undoubtedly the most popular motion base for road vehicle simulators as well as flight simulators. However, it is a complex and expensive mechanism. There has recently been heightened interest in the design of reduced-degrees-of-freedom motion bases for lower-cost simulators [12] . According to a capabilities study of motion platforms by Pouliot and Gosselin [12] , a three-degrees-of-freedom (3-DOF) simulator with a motion capable of heave, pitch, and roll motions is capable of producing motion simulation quality comparable with that produced by a 6-DOF Stewart platform [12] . However, in the case of a 3-DOF motion platform, this base type causes undesirable reverse forces during sudden manoeuvres. For example, during a sudden left-hand turn, the driver is expected to experience a pulling force towards the right owing to centrifugal forces but, at the start of the tilting motion, the driver experiences a force in the opposite direction for a short period of time owing to inertial accelerations. This may be responsible for some nausea, known as 'simulator sickness' in the driver because simulator sickness can be considered as being induced by an incongruence between the real world and the simulated world [13] . This paper describes and introduces a new type of motion platform: the inverted driving simulator. With the inverted motion platform, the initial force at the start of the tilt and the resulting force due to gravitational pull after the motion platform is tilted are in the same direction. Therefore, with proper motion modulation, the driver can be made to feel the desired force in the correct direction immediately from the beginning of motion. Figure 1 shows the simulator cabin, formed from the half-body of a Hyundai Getz and Fig. 2 shows the inverted frame structure of the Sungkyunkwan University driving (SKUD) simulator. In order to implement the 3-DOF motion including roll, pitch, and heave, three 750 kW motors are used with actuators. Figure 3 presents the system architecture of the SKUD simulator. The performance of the inverted motion platform is shown in Table 1 and Fig. 4 .
Virtual environment
A virtual environment (VE) can be defined as the multi-sensory experience of a location or set of locations through artificial electronic means [14] . VEs should realistically represent natural and threedimensional (3D) space scenarios, and virtual displays should allow the user to view and control events dynamically in real time. Thus, a portion of the first national express way in South Korea, the Seoul-Pusan express way, 63.6 km between Seoul tollgate and Cheonan exit, is selected as the virtual database model in this work. Figure 5 shows a When a stimulus is acted upon in the real world, there is typically very little delay from the time that the action is initiated until the motion occurs. The virtual world should also respond quickly to the control inputs. This closed-loop interaction feature is the fundamental benefit of a VE but rendering 3D graphics in real time is computationally intensive and tends to be expensive. In order to overcome this cost barrier, it is proposed to develop the DirectX-based graphic engine here that will allow a Pentium 4 personal computer (PC) to be used in this study. Figure 6 describes the VE system developed. Note that there are three PCs and cathode-ray tube (CRT) projectors for 150u of horizontal field of view to overcome the problem from a limited field of view, namely that users underestimate the distances in depth [15] .
GPS simulator
The GPS simulator has the strength to emulate the satellite signal which is transferred to the GPS receiver (sensor) through the radio-frequency antenna. The conventional goal of GPS simulators is to develop an enhanced quality inspection tool of the GPS receiver (sensor). In particular, as mass production lines for manufacturing the GPS receiver are located inside the plant, it is unable to receive the actual satellite signal at the final quality inspection stage. Therefore, the GPS simulator is used to generate the GPS satellite signal as the quality inspection of the GPS receiver. In this study, the emulated GPS signal is generated by the virtual vehicle trajectory in the driving simulator. There is no need to calculate and simulate the real GPS satellite system because the vehicle location and position are already simulated in the driving simulator environment. Therefore, the GPS simulator plays the role of a GPS satellite signal receiver in the VR environment of the driving simulator. In order to achieve the location information from the GPS receiver without considering the details of the receiving process and calibration algorithms of the GPS satellite signal, the data type and composition of the GPS signal receiver are analysed first. National Marine Electronics Association (NMEA) establishes the NMEA-0183 protocol as the electric interface standard and data protocol for the communication between marine equipment. The output data of the GPS receiver also compose in ASCII code the interface with the application of this communication protocol. The NMEA data have four categories, namely GGA, RMC, GSA, and GSV, which are basically supported by the general GPS receiver and, in the event of the high class type, other field categories are set to output.
In the GPS simulator, on the basis of the analysis of the NMEA-0183 protocol, the vehicle route information in the virtual space, following the driving operations of the driving simulator, is Fig. 7 . The GPS signal simulator program developed in this study is formed with three modules and the functions of each part are as follows.
Part A. This receives the real-time coordinates of the vehicle with the TCP-IP communication from the server that realizes the VR of the driving simulator. Part B. The received coordinates are converted into NMEA-0183 data, and the checksum is calculated for error by heightening the reliability of the data. Part C. The generated NMEA-0183 data are transmitted to the CNS installed on the driving simulator seat via RS232C serial communications.
The SKUD simulator [16] is installed with the CNS, and the GPS simulator developed from this study is connected to the RS232C. It is built with the visual system loaded with the VR database of the Seoul-Cheonan Gyeongbu express highway [17] and other services and TCP-IP to compose the local area network. The configuration chart of the driving simulator that is applied with the GPS simulator is shown in Fig. 8 . As a result of the operations of the driving simulator, the NMEA-0183 data normally operate the CNS so that it operates the various voice information systems with the indication of the realtime location information. 
Experimental evaluation
Although it is clear that driving simulators are potentially effective tools and offer an innovative technological solution to HMI studies, there are, however, some problems, such as visual lags [18] , potential biases or distortions [19] , a limited field of view [15] , and motion sickness effects [20] . In the case of motion sickness, also referred to as cybersickness, subjects have reported symptoms such as nausea, dizziness, and disorientation [21, 22] . Nevertheless, in order to use the SKUD system that is proposed here for HMI studies, an experimental evaluation of the SKUD simulator should be performed. Since the SKUD system is developed for HMI assessments of telematics devices, experiments are necessary in order to compare real driving ( Fig. 9 ) with virtual driving (Fig. 10) using an HMI assessment method with a technique for determining physiological measures. The physiological measures of HMI studies involve the measurement of those physiological aspects that may be affected by increased or decreased levels of workload. These include the heart rate, heart rate variability, eye movement, and brain activity which have all been used to provide a measure of driver workload [23] . The main advantage associated with the use of physiological measures is that they do not intrude upon the primary task performance (i.e. driving performance) and also they can be applied in the field, as opposed to only simulated settings.
In this study, subjects are composed of 15 males who are healthy and have experience in driving the same types of vehicle as installed in the simulator. Their average age is 31.2 ¡ 5 years, average height is 174.7 ¡ 8.2 cm, average mass is 68.2 ¡ 8.8 kg, and average driving career is 5.2 ¡ 3.5 years. While a subject is driving on the Seoul-Cheonan express highway and the virtual road in random order, galvanic skin responses (GSRs), electro-oculogram (EOG) signals, and electrocardiogram (ECG) signals are gathered by a physiological data acquisition system (Biopac).
Results data
An ECG is a test that measures the electrical activity of the heart as it beats in rhythm to pump the blood through the body. Heart rate variability has attracted much attention from researchers since the early 1980s and it has long been understood that a metronomic heart rate is pathological, and that a healthy heart is influenced by multiple neural and hormonal inputs that result in variations in the interbeat (R-R) intervals, at time scales ranging from less than a second to 24 h. Even after 20 years of study, new analytical techniques continue to reveal properties of the time series of R-R intervals [24] . Much research in this area aims to discover or to explain how specific changes in variability can be related to specific pathologies. Given how much is known about heart rate variability, it might be thought that simulating a realistic sequence of R-R intervals would be an easy task. The intricate interdependences Fig. 8 Functional diagrams of the GPS simulator (3Ch, three-channel) of variations on different scales, however, make it difficult to create a simulation of sufficient realism to mislead an experienced observer, and it may be even harder to deceive a program designed to quantify these subtle features. As shown in Fig. 11 , the heart rate variability (R-R interval) between a simulator experiment and a real vehicle experiment is steady. Significant statistical differences were not found between the simulator and real vehicle experiments using SPSS software (p value less than 0.05).
GSRs, also known as electrodermal responses, psychogalvanic reflexes, or skin conductance responses, are methods of measuring the electrical resistance of the skin which is highly sensitive to emotions in most people. Fear, anger, startled responses, orienting responses, and sexual feelings are all among the emotions that may produce similar GSR responses. Existing research determines the GSR as a suitable method to assess the mental workload or stress level of an individual. According to results of the survey GSR comparison, the sensor measuring GSR is attached between the index and middle fingers. As shown in Fig. 12 , the GSR signal is continuous with an equal R-R time signal. Significant statistical differences were not found between the simulator and real vehicle experiments (p values less than 0.05).
Electro-oculography is a technique for measuring the resting potential of the retina and the resulting signal is shown as an EOG. The main applications for use are in ophthalmological diagnosis and in recording eye movements. When the level of fatigue increases, so does the level of electro-oculography. If the mental workload builds up, the signal can tend to decrease. As shown in Fig. 13 , the signals are more fluctuating in the real experiments than in the simulator experiments because the real traffic is more complex than the simulated scenarios. However, the EOG signals do not show significant statistical difference between the simulator and real vehicle experiments (p values less than 0.05).
CONCLUSIONS AND FUTURE WORK
In this study, the SKUD simulator has been developed with the inverted motion platform and GPS simulator system. In order to evaluate the SKUD simulator, experiments involving physiological measurements have been performed and it has been shown that there are no significant statistical differences between the real driving and the virtual driving assessments. The SKUD facility presented enables the test assessment of the telematics-service-related equipment under the driving simulator environment and so is expected to make significant contributions in driver assessment studies and in the HMI research field. In future research, the workload of the telematics service using the SKUD simulator developed in this work will be studied a critical driving situations experiment such as the scenario of collision avoidance will be considered.
